Purpose Objective functional outcomes following isolated radial lateral meniscus tears in the athlete between the ages of 14-25 are not clearly defined. The objective of this study was to determine whether patients following lateral meniscectomy demonstrate lower extremity asymmetries relative to control athletes 3 months after surgery. We hypothesized that following lateral meniscectomy, athletes aged 14-25 years old would demonstrate altered landing biomechanics compared to sex, age, height, weight, and sport-matched controls.
Introduction
Over the last 30 years, the importance of the menisci for load transmission, shock absorption, improved joint stability, joint nutrition, and proprioception has been reported [2, 7] . With the known importance of the menisci during weight bearing, surgical techniques have evolved to reflect the critical role of the menisci in knee function. In 1962, surgeons began performing arthroscopic partial meniscectomies [27] , and more recently, in the 1980s, meniscus repairs were initiated to spare healthy meniscal tissue [27] . While some authors have gone as far as to promote non-surgical treatment for meniscus tears [10] , arthroscopic surgery remains the gold standard for the treatment of meniscal injuries. Despite the extensive literature relating to the importance of the meniscus, the literature regarding outcomes following meniscectomy remains limited.
The extent of meniscectomy has been correlated with decreased subjective rating and functional outcome [6] . Rangger et al. found that arthroscopic partial medial and lateral meniscectomy leads to a significant increase in osteoarthritic changes at an average of 4.5 years following surgery [28] . Roos et al. reported a long-term follow-up 19 years following meniscectomy and found an increase in long-term symptoms and functional limitations that were independent of age in the meniscectomized patients compared to controls [29] . Durand et al. looked at gait following partial medial meniscectomy and found that at 8 weeks, the surgical group was performing sub-maximum locomotor activity with reduced range of motion (ROM) and lower levels of muscle contraction compared to healthy controls [9] . However, in all of these studies, the researchers either examined medial meniscus tears alone or grouped both medial and lateral meniscectomies together in their reported outcomes.
There is, to date, very little in vivo research pertaining to the results of isolated partial lateral meniscectomies, though published studies suggest that the outcomes between medial and lateral meniscectomies may be different [25] . There are also no known studies that have evaluated objective functional outcomes following a partial lateral meniscectomy in the athletic population. Therefore, the purpose of this study was to determine whether patients following lateral meniscectomy demonstrate lower extremity asymmetries relative to matched control athletes 3 months after surgery. We hypothesized that following a partial lateral meniscectomy, athletes aged 14-25 years old, would demonstrate altered landing biomechanics during a functional task compared to a sex, age, height, weight, and sport-matched control population.
Materials and methods
Nine patients (7 men and 2 women, 20.1 ± 2.8 years) who had undergone first-time isolated radial lateral meniscus tears were tested 3 months following partial lateral meniscectomies and compared to nine sex, age, height, weight, and sport-matched control subjects (Table 1) . Based on the group differences in knee range of motion (mean and standard deviation) from a previous case-control study with similar analyses, we determined that a minimum of 8 subjects were required [13] . At the time of testing, all subjects had undergone a supervised physical therapy program and were discharged to full return to sports activities by an MD. In addition, all subjects completed an informed consent prior to inclusion in this study, and the research was approved by the Cincinnati Children's Hospital and University of Cincinnati Institutional Review Boards.
Inclusion criteria for this study were arthroscopically confirmed isolated radial lateral meniscus tear. For the purpose of this study, an athlete was defined as an individual who participates in athletic activity at least 2 h a session at least three times per week. Subjects were excluded if they had a history of major ligament injury or prior meniscal or ligamentous surgery. In addition, subjects were excluded if they had prior lower extremity injuries where symptoms had not subsided greater than 1 year ago or had a discoid meniscus.
A motion analysis system with ten digital cameras (Eagle Digital, Motion Analysis Corporation) was used in conjunction with two force platforms (Model OR6, AMTI) embedded in the floor. Test-retest reliability comparing the waveform data with coefficients of multiple correlations (CMC) has been previously reported as high for knee flexion angle (r = 0.98) and moment (r = 0.96) during landing [12] . The video was sampled at 240 Hz and time synchronized with the analog force data sampled at 1,200 Hz. Each day prior to data collection, the motion analysis system was calibrated to manufacturer recommendations. An isokinetic dynamometer (System 2, Biodex Medical Systems) was used to test knee extension torque.
Isokinetic testing utilized a counterbalance randomization technique to determine limb order for testing. Isokinetic knee extension (concentric/concentric muscle action) torque was collected with each subject seated on the dynamometer and the trunk perpendicular to the floor, the hip flexed to 90°, and the knee flexed to 90°. Prior to each data collection set, a warm-up set, which consisted of 5 sub-maximal knee flexion/extensions for each leg at 60°/sec and then 300°/s, was performed. The test session consisted of five knee isokinetic extension/flexion (100°to 0°range of motion) repetitions for each leg at 60°/s ( Fig. 1 ) and 10 repetitions at 300°/s. Peak extension torques were recorded (Nm/kg). The isokinetic concentric torque measures of the hamstrings and quadriceps muscles utilized in the current study demonstrate excellent reliability [1] . Carefully documented and validated subjective assessment of the patient's ability to progress in rehabilitation may be a key factor for the determination of an athlete's readiness to enter a return to sport program. The International Knee Documentation Committee (IKDC) Subjective Knee Form is a reliable and valid tool for the determination of a patient's rating of their knee symptoms, function, and ability to participate in sport following knee injury, specifically ACL injury [16] . The constructs validated for the IKDC were swelling, pain level, and functional ability [16] .
After consent to participate was obtained, the subject completed the IKDC short-form survey [17] and height and weight were recorded. Thirty-seven retroreflective markers were placed on the subject as previously described [11] . A bilateral drop landing was performed from a 31 cm box. We instructed the subjects to ''drop down off the box with both feet leaving at the same time.'' The task was repeated three times. Motion and force data were imported into Visual3D (Version 3, C-Motion, Inc.) for data reduction and analysis. The three-dimensional Cartesian marker trajectories from each trial were estimated using the direct linear transformation method. The video and force data were filtered at the same cut-off frequency (12 Hz) using a low-pass Butterworth filter. Peak knee flexion angle and internal extensor moment were calculated from each trial [12] .
Statistical analysis A 2X2 ANOVA was used to test the interaction between side (involved vs. uninvolved) and group (patient vs. control) for the isokinetic torque and biomechanical data. A spearman rank correlation was also performed to correlate knee joint torques (extensor moment during landing) with subjective measures of function (IKDC survey). A P value of less than 0.05 was used to determine statistical significance.
Results
Differences in landing kinetics were observed in patient versus controls. There was a side-by-group interaction for the knee external extensor moment (P = 0.025). Figure 1 shows the kinetic landing results in the patient and control subject cohorts. The patient group landed with a decreased internal knee extensor moment during the drop landing task compared to the uninvolved side and controls (interaction P \ 0.05). The mean peak knee extensor moment was -1.5 ± 0.4 Nm/kg for the involved leg and -1.8 ± 0.2 Nm/kg for the non-involved leg of patients (post hoc analysis: P \ 0.05 between legs). The mean peak knee extensor moment was -1.7 ± 0.3 Nm/kg on the dominant leg and -1.7 ± 0.3 Nm/kg on the non-dominant leg of control subjects.
Differences in kinematics were observed in patients versus controls. There was a side-by-group interaction for knee flexion angle (P = 0.028). Knee flexion angle was observed to be different between the involved limb and uninvolved limb of patients and control limbs. Figure 2 shows the kinematic landing results in the patient and control subject cohorts. The patient group landed with greater knee flexion angle during the drop landing task compared to controls (interaction P \ 0.05). Mean peak knee flexion angle was -70.2 ± 17.4 for the involved leg and -67.5 ± 15.7 for the non-involved leg of patients. Mean peak knee flexion was -58.4 ± 14.3 on the dominant leg and -59.0 ± 13.1 on the non-dominant leg of control subjects. IKDC scores were significantly related (r = 0.69; P \ 0.05) to internal knee extensor moment of the involved limb for the investigational subjects. The average IKDC score was 99.4% for the control subjects and 86.7% for the surgical subjects. Table 2 shows the results of dynamometer testing in the test and control subject cohorts. No differences in isokinetic torque were observed between the involved limb and either the uninvolved side or control limbs at either 60°/s (n.s.) or 300°/s (n.s.)
Discussion
The most salient finding of the present study was that patients following lateral meniscus surgery land with asymmetries which are likely influenced from transference of the knee joint moments to the contralateral lower extremity when compared to controls. It is possible that the decreased knee extensor moment may be indicative of quadriceps weakness. However, the involved limb quadriceps isokinetic torque was not decreased compared to the contralateral or control limbs in unloaded open chain testing (n.s.). The patients appeared to have adopted an increased sagittal plane motion strategy during landing. Similar strategies have been identified and termed either a soft, flexion style landing or a stiff, bounce landing [5, 8] . The ''softer'' type of landing appeared to be adopted by the patients following lateral meniscus surgery. While this landing strategy does not necessarily indicate a ''safer'' or less injurious style of landing, it may be a neuromuscular adaptation to compensate for the injured and rehabilitated knee. During gait, a similar pattern of decreased knee extensor moment has been reported with patients following partial meniscectomy [33] . However, the meniscectomy group displayed decreased knee flexion range of motion during gait. This is in contrast to our results during a drop landing with increased knee flexion angle. Our younger population and the relatively more challenging maneuver of a landing compared to gait may explain these differences. Similar results to the current study are evident in young patients with juvenile idiopathic arthritis with increased knee flexion angle and decreased knee extensor moment during bilateral landing compared to controls [13] . Patients after anterior cruciate ligament reconstruction land from a single leg hop with decreased knee flexion range of motion and decreased power absorption on the involved [24] . Landing adaptations likely indicate that normal joint mechanics may not be restored following reconstruction and rehabilitation [24] .
Previous authors have suggested that the outcomes following a lateral meniscectomy are worse than those following a medial meniscectomy [7] . For example, Chatain et al. showed that while subjective and clinical results were similar between the two groups, radiographic outcomes following lateral meniscectomy were much worse in comparison with medial meniscectomy [7] . In addition, Pena et al. showed that peak contact stresses are 200% more in the articular cartilage following a lateral meniscectomy compared to a medial meniscectomy [26] . In support of these differences, Levy et al. showed that, contrary to a medial meniscus, the lateral meniscus had insufficient affixations to stabilize the tibia from anterior translation, affecting knee stability [18] . Subtotal medial meniscectomy in ACL deficient knees results in greater tibial lateral shift and anterior translation [30] . The lateral meniscus is a critical secondary knee stabilizer during axial loads [20] . This important functional role may help explain the poor clinical outcomes in patients following lateral meniscectomy, especially concomitant with ACL deficiency or reconstruction [20] . In the most extensive study to compare medial versus lateral arthroscopic partial meniscectomies, in a 10-year follow-up, radiographic results were much worse for the lateral partial meniscectomy as compared to the medial, while subjective and clinical results were similar [7] . Additionally, a recent systematic review related to the risk of knee osteoarthritis indicated that patients following arthroscopic partial lateral meniscectomy had higher incidence of osteoarthritis compared to patients following arthroscopic partial medial meniscectomy [25] . Future studies investigating the biomechanical and neuromuscular adaptations between patients with a partial lateral meniscectomy and partial medial meniscectomy may be warranted. The findings of this study demonstrate that at 3 months following surgery and supervised rehabilitation, these athletes demonstrate compensatory landing patterns, which do not appear to be related to quadriceps isokinetic measured torque deficits. While all subjects had returned to sports at the testing session, biomechanical deviations compared to the uninjured leg and to controls were observed. Also of note from these findings is that decreased internal knee extensor moments of the involved limb for investigational subjects was related to decreased subjective function. These results agree with previous research that has shown subjective knee surveys to correlate with task performance following knee surgery [19] . Therefore, perceived perception of knee function had a significant carryover into a functional task, as determined by objective measures. However, it should be noted that at 3 months postoperative, the IKDC scores in our current study were higher (87) than previously reported (78) in 104 prospective patients following lateral meniscus lesion [31] . The differences in subjective function likely relate to our younger and more active population. Seventy-one percent of the patients [31] reported sport participation compared to all of the subjects in our current study.
Clinically, isokinetic torque measurements are typically used as an evaluation tool for return to sports capability. However, the results of this study indicate that following lateral meniscectomy, athletes show biomechanical compensation during landing that appears to be independent of their thigh isokinetic torque capacities and these compensation patterns may persist for an undetermined amount of time following surgery. Similarly, concentric quadriceps torque differences in a large cohort of patients 11 weeks following arthroscopic partial meniscectomy showed no related differences in knee extensor moment during gait [32] . Interestingly, Sturnieks and colleagues [32] reported higher knee frontal plane load in the weak quadriceps group compared to subjects who presented with normal quadriceps strength. Additional investigation of the relationship among frontal plane loading, motion, and strength appears to be warranted in patients following meniscus surgery and rehabilitation.
There were limitations to the present study that may decrease the ability to generalize the current results. First, there were a small number of subjects with solely a lateral meniscus injury. Also, this study specifically looked at athletes and not a general population. In addition, the follow-up time was relatively small, at 3 months following surgery. Future studies should include different types of meniscal tears, a larger population of subjects, and later more comprehensive studies would be needed to compare these results to those of medial meniscus tears or falsepositive subjects who had arthroscopy but no tear.
The clinical relevance of this work is clearly linked to the identification of limb asymmetries in athletes following isolated meniscectomies after they have been returned to full sport participation. Clinicians should focus on improving quadriceps function during landing on the involved leg in an attempt to decrease residual limb asymmetries and potentially decrease the rate of future injury or decreased function. Innovative motor learning techniques that include feedback may be useful for clinicians to incorporate during late stages of rehabilitation [4, 22, 23] . Furthermore, neuromuscular training programs may be an important component for initially improving and maintaining proper lower extremity biomechanics during landing maneuvers [3, 14, 15, 21] .
Conclusions
At approximately 3 months following lateral meniscus surgery and return to sports, athletes continue to demonstrate compensation with landing compared to the uninjured extremity and control subjects, and this compensation may not be solely attributed to isokinetic torque deficits. Biomechanical differences were observed by both a decreased internal knee extension moment and increase in peak knee flexion angle. Further attention may be warranted in returning an athlete to competition following this type of surgery, as the long-term consequences suggest poor long-term outcomes.
